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Abstract: Microstructured optical fibers, particularly those with a suspended-core geometry, 
have frequently been argued as efficient evanescent-field fluorescence-based sensors. 
However, to date there has not been a systematic comparison between such fibers and the 
more common geometry of a multi-mode fiber tip sensor. In this paper we make a direct 
comparison between these two fiber sensor geometries both theoretically and experimentally. 
Our results confirm that suspended-core fibers provide a significant advantage in terms of 
total collected fluorescence signal compared to multi-mode fibers using an equivalent 
experimental configuration. 
©2016 Optical Society of America 
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1. Introduction 
Optical fibers have been successful as optical sensing devices due to the combination of their 
small size, flexibility, low cost, and ability to measure in difficult to reach areas [1]. For the 
most part, optical fibers are used to deliver light to an area of interest and to collect the signal 
created locally as a result of the transduction mechanism. Amongst the different sensing 
modalities, fluorescence sensing has found many applications in chemical [2–4] and 
biological sensing [2,5,6] due to the large number of efficient fluorophores available and the 
strong optical signals they generate that make them ideal for optical sensing. 
In optical fiber fluorescence sensing, a fluorophore, usually an organic dye, is introduced 
in the area of interest and is mixed with the sample. The optical fiber delivers excitation light, 
usually from a laser source, that is suitable to excite the fluorophore and generate 
fluorescence. The properties of this emission are determined by the fluorophore’s interaction 
with the sample. The resulting fluorescence is collected by the optical fiber and is taken to a 
photodetector or spectrum analyzer for recording and analysis. Fiber-based fluorescence 
sensing has been deployed in sensing targets such as: aluminum ions [7], hydrogen peroxide 
[8], oxygen [9], and explosives [10]. Optical fiber based fluorescence sensors have also been 
deployed for biological applications, including measurements of biomolecules in solution 
[11], DNA [12], or enzyme assays within microstructured fibers [13]. 
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The most established category of these sensors is based on multimode optical fibers 
(MMFs), where the sensing area is the cleaved tip of the fiber [14,15]. Fiber tip fluorescence 
sensing is simpler to deploy as the only part of the fiber that is exposed to the sample is the 
distal end, away from the excitation source, coupling optics and collection system. Tip 
sensing, however, can limit the amount of useful signal generated and collected as the sensing 
volume is limited to a small volume in close proximity to the optical fiber’s tip. 
Further work expanded on this concept to increase the interaction length, using methods 
such as removing side claddings to create D-fibers [16], or tapering [17,18] to spread the 
evanescent field outside of the glass core along the length of the fiber. Microstructured optical 
fibers have emerged in recent years as an alternative platform for optical fiber fluorescence 
sensing, as the internal structure of those fibers can result in greatly increased interaction area 
between the light and the sample [4,19–21]. Suspended core microstructured optical fibers 
(SCFs) in particular, having a small strut-suspended glass core surrounded by a number of 
voids along the entire length of the fiber, enable a fraction of the optical field to extend 
evanescently into the voids where it interacts with the analyte along the length of the fiber [4]. 
These fibers require minute sample quantities, in the order of a few nanoliters, and have been 
successfully deployed in fluorescence sensing with sensitivities as low as single particle 
detection [22,23]. 
An interesting question when considering which of the two optical fiber platforms to use 
for a particular sensing application is which of them gives a higher signal, and therefore lower 
detection limits for a given excitation power and fluorophore concentration. While 
comparison has previously been made between D-shaped and tapered fibers [16], to date a 
comparison between SCFs and tip fibers has not been covered. Previous work has examined 
the fluorescence capture into the guided modes of these SCFs [24], and then verified these 
theoretical results against experimental data [25]. In this study we seek to extend this to give a 
direct comparison of expected fluorescence intensities in comparable conditions. 
The long interaction length between the guided optical modes and the analyte in SCFs is 
counteracted by the low intensity of the part of the guided field inside the void compared to 
the peak intensity at the center of the glass core [4,26]. In contrast, the MMFs have the 
opposite set of features, with high intensities available at the tip but over a very limited area. 
Further to those considerations, the amount of fluorescence generated and captured per unit 
excitation power and area of fiber means that deciding between the two platforms becomes a 
more complicated process. 
In this work we present a direct experimental comparison between MMF tip sensors and 
SCF sensors for fluorescence sensing. We show that SCFs collect a higher fluorescence 
power per unit of input power and therefore have a potential detection limit advantage over 
MMFs. 
2. Experimental method 
2.1 Sample preparation 
Rhodamine B (Sigma-Aldrich, USA) was diluted to a concentration of 1 mM in ethanol. 
Serial dilutions were then prepared to give a range of concentrations for measurements, and 
pipetted to individual containers for experiments to minimize potential effects of evaporation. 
2.2 Multi-mode fibers 
Two commercial multi-mode fibers were used, with core diameters of 62.5 µm (Corning 
Multimode 0.275 NA) and 105 µm (Thorlabs FG105UCA 0.22 NA). 
The experimental configuration for fluorescence measurements is shown in Fig. 1. A 532 
nm laser source (Laser Quantum Gem) was passed through a set of neutral density (ND) 
filters to vary the transmitted power. A mechanical shutter was used to block excitation light 
outside of fluorescence collection windows. Incident pump light was then reflected off a near-
normal incidence 532 nm long pass (LP) filter (Semrock Razoredge Ultrasteep). A 10 × 0.25 
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numerical aperture (NA) microscope objective was used to couple the light into the multi-
mode fibers, and the coupling maximized by monitoring the transmitted power. 
 
Fig. 1. Experimental configuration for measurements of emitted fluorescence power for both 
multi-mode (10x microscope objective) and SCFs (60x microscope objective). A calibrated 
photodiode was used as the detector for these trials. 
The combined optical loss through each element was recorded prior to measurements 
using a calibrated photodiode. This allowed for the measurement of the fluorescence power at 
the end face of the optical fiber to be inferred from the measurement of the power at the distal 
end of the coupling fiber in the diagram above. Background fluorescence and residual pump 
light levels were recorded by immersing the fiber tip in ethanol, and recording the measured 
power across a range of excitation powers. This background value was then subtracted from 
the overall signal value to give the contribution of the power arising from the fluorophore 
alone. 
Measurements were performed by immersing the tip of the fiber in the fluorophore 
solution and recording the measured fluorescence power over a range of excitation powers. 
The fiber tip was maintained at a fixed distance (10 mm) from the bottom of the sample vial, 
and measurements performed across multiple vials to ensure sample consistency and 
reproducibility of measured power values. This distance was chosen as the theory (see Sec. 
3.1) has shown a limited contribution in the fluorescence collected from distances over 4 mm 
away from the tip of the fiber. The fluorescence power at the end face of the optical fiber was 
then inferred from the measurement of the power at the specified location in the diagram 
above using the correction factor recorded earlier. The collection fiber was then replaced and 
the next fluorophore concentration measured. 
2.3 Suspended core fibers 
SCFs were fabricated from F300HQ Suprasil (Heraeus Quartzglass) using a two-step drawing 
process similar to that described in [13]. The initial preform was fabricated by ultrasonic 
drilling, before being caned and inserted into a jacket before being drawn to fiber. The final 
fiber core size (effective core diameter [27]) was measured using a scanning electron 
microscope (SEM) as 1.38 µm, while the surrounding voids had a diameter of 15 µm. The 
fiber geometry is shown in Fig. 2 below. For fluorescence sensing experiments a 25 cm 
length of fiber was used. 
                                                               8 Aug 2016 | Vol. 24, No. 16 | DOI:10.1364/OE.24.0 | OPTICS EXPRESS 18544 
 
Fig. 2. Silica SCFs used for fluorescence experiments. (a) Full geometry, 125 µm outer 
diameter with 15 µm holes. (b) Core structure, with a core diameter of 1.38 µm. 
Fluorescence measurements were performed using a similar method to that described 
earlier, using the experimental configuration shown in Fig. 1. A 60x microscope objective 
was used for coupling excitation light into the core of the fiber, and coupling was optimized 
by monitoring the transmitted power using a calibrated photodiode. The fiber was filled by 
immersing the distal tip of the fiber into the fluorophore solution for a period of five minutes, 
which was sufficient to fill 20 cm of the total 25 cm length of fiber. Once the given time had 
elapsed the tip of the fiber was removed from the solution and measurements performed at 
different levels of input power. The observed fluorescence signal was recorded for each input 
power, and the previous optical loss information used to convert the measured value to the 
actual fluorescence power captured within the fiber. 
3. Experimental results and theoretical analysis 
3.1 Multimode fiber tip sensors 
The collection efficiency of the 62.5 µm and 105 µm core MMFs fibers was theoretically 
simulated by examining the portion of light recaptured into the collection cone from emitters 
located beyond the tip of the fiber. The collection efficiency across the emission wavelength 
range was calculated and the results integrated to give the total fluorescence power emitted 
from the fluorophores. Literature values of absorption and emission coefficients for 
rhodamine B in ethanol [28] were used for the entirety of both the multi-mode and suspended 
core theoretical calculations. 
The collected power was calculated by a ray trace calculation, as the fiber core was large 
enough to assume ray optics. The fiber was modelled with an acceptance angle based on the 
fiber NA, such that any ray that is incident on the fiber core at an angle equal to or less than 
the acceptance angle would be counted as guided by the fiber and so add to the total power 
captured. A schematic of the model is shown in Fig. 3. The output of the pump light was 
taken to be a cone with angle based on the NA of the fiber. Output and acceptance angles 
were also adjusted based on the refractive index of the fluorophore solution at the respective 
wavelengths, with the index calculated via a dispersion equation for ethanol [29]. 
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Fig. 3. Schematic of the theoretical power capture into the collection cone of an emitter located 
a fixed distance away from the tip of a MMF 
The pump light cone region was discretized spatially into a grid of points radially (r) and 
longitudinally along the direction of the fiber (z). Captured power into the fiber was 
calculated for each point and then integrated over r and z. The ray trace equations are 
independent of azimuthal angle θ due to rotational symmetry about the fiber axis, giving a 
constant 2π factor for the final integration over theta. 
The fraction of captured power from each (r, z) point was calculated by evaluating the 
solid angle subtended by the fiber endface at that point and dividing by total solid angle 4π. 
The solid angle integral included an absorption factor to account for fluorophore reabsorption. 
Guided rays were selected by only considering rays emitted by the (r, z) point in a cone with 
half-angle equal to the fiber acceptance angle, as these are the only rays able to be guided 
within the fiber. The solid angle calculation was thus over an area formed by the intersection 
of this emission cone with the fiber endface. The equation for the captured power fraction 








=  u u  (1) 
where |u| is the vector from the (r, z) point to an infinitesimal area dA and α is the absorption 
coefficient. The solid angle was calculated by discretizing the intersection area into a grid of 
points and evaluating the integral using trapezoidal integration. The intersection area is 
calculated as the intersection of two circles, where one is the fiber endface and the other is the 
slice of the ‘emission cone’ at the z of the fiber endface. 
Each point was multiplied by the absorbed power to account for pump power absorption. 
Absorbed power was calculated for each z-slice using Beer's law. The entire calculation was 
repeated over the fluorophore emission spectrum, sampling the reabsorption at each 
fluorophore emission wavelength. The results of this were then multiplied by the normalized 
fluorescence emission spectra to obtain the total power captured by the fiber. Model 
parameters, such as number of grid points and ray angles, were convergence tested. No free 
parameters were used for fitting. 
The collection efficiency was calculated for a range of concentrations, and scaled for the 
input power used in the experimental measurements described above. The results of the 
experimental trials, Sec. 2.1, and the theoretical analysis are shown in Fig. 4 below. The 
model presented here approximates the collection into the 62.5 µm graded index fiber as a 
step-index fiber with the same core size and numerical aperture. 
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Fig. 4. Fluorescence Capture for MMFs, showing comparison between experimental (filled 
symbols) and theoretical (open symbols) for (a) 62.5µm core diameter (NA = 0.275) MMFs 
and (b) 105 µm core diameter (NA = 0.22) MMFs. 
These results show a strong correlation between the measured experimental fluorescence 
power and the corresponding calculated theoretical power, though with the experimental 
power consistently slightly higher than the theoretical values. As expected, a higher signal is 
naturally observed for the larger 105 μm core fiber, Fig. 4(b), than is seen from the 62.5 μm 
fiber, Fig. 4(a), with a maximum increase of 1.8 × in the collected signal. This difference can 
be explained primarily from the area of the fiber tips (8660 μm2 c.f. 3067 μm2 for 105 μm and 
62.5 μm, respectively), as well as the difference in NA between the two fibers (0.22 cf. 
0.275). 
For most experimental conditions tested there is a linear increase in fluorescence with 
increasing input power. Some deviation is seen between measurements at the lowest 
excitation powers (33/38 μW) for low fluorophore concentrations as the fluorescence signal 
intensity becomes comparable to the background signal from the ethanol, increasing the 
relative error of the measurements. Also, at low concentrations the signal from the 
fluorophore is lower than the background signal from unfiltered pump light, or 
autofluorescence from the glass itself [21]. 
3.2 Suspended core fiber sensors 
A full vectorial model to simulate the captured fluorescence was used, based on a model 
previously presented in [25, 30]. This model is based on a step-index glass-ethanol geometry, 
which is a close approximation to the suspended-core fiber geometry. 
This model was modified to consider a range of emission wavelengths covering the 
emission band of rhodamine B in ethanol [31], again applying the dispersion equation utilized 
in the tip collection calculations in Sec. 3.1. The calculated emission was then normalized to 
the literature emission spectra of rhodamine B and summed to give the total overall 
fluorescence capture. 
For the core size used in this work (core diameter 1.38 μm) the experimentally measured 
fluorescence power was compared against the results expected by the modeling and are 
plotted together in Fig. 5. 
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Fig. 5. Fluorescence power captured for suspended core optical fibers, showing comparison 
between experimental (filled symbols) and theoretical (open symbols) across the full range of 
excitation powers used. 
The measured values are in good agreement with the numerical calculations across a 
range of concentrations and excitation powers, with the experimental results consistently 
showing a slightly higher result than the theoretical prediction. This could be due to variations 
in the coupled modes, adsorption of cationic dye onto the negatively charged silica glass [32] 
acting to increase the local fluorophore concentration on the surface, or the use of a step-
index approximation. 
3.3 Comparison between suspended-core and multi-mode fibers 
In Fig. 6 the data from Figs. 4 and 5 is combined in order to give a comparison between the 
suspended-core and multi-mode fibers for a given coupled input power level for a fixed 
fluorophore concentration (100 nM). 
 
Fig. 6. Comparison of experimentally measured fluorescence between suspended core and 
multi-mode fibers. 
Based on the linear dependence of fluorescence power versus fiber coupled power shown 
in Fig. 6, a good way to compare the performance of these fiber sensors is to examine their 
sensing efficiency, defined as the total fluorescence power collected divided by the coupled 
excitation power. Furthermore, since at low fluorophore concentrations changes in 
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concentration have minimal effect on the linear relationship between fluorescence power and 
coupled power, we can use efficiency per concentration (in μM) as a way of comparing the 
two different optical fiber sensing platforms. For the particular case study in this work the 
SCF sensors have an efficiency of 9.7 × 10−4 μM−1, whereas the 105 μm MMF tip sensors 
show an efficiency of 1.8 × 10−5 μM−1. These results show that for fibers and lengths used 
here the SCF s show an efficiency that is 55 × higher than the MMFs. 
Previous work [25] has verified the performance of the theoretical model across a range of 
core sizes for the SCFs. Our current model for the MMF tip sensors can also predict the 
influence of a changing tip diameter on the NA and fluorescence collection efficiency. A 
comparison of the predicted total fluorescence power captured by different core (SCFs) and 
tip (MMFs) diameters is shown in Fig. 7 below for 1 mW input power, with a 10 nM 
rhodamine B concentration. 
 
Fig. 7. Fluorescence power captured per unit input power for 10 nM Rhodamine B in ethanol 
(a) Multi-mode tip sensors for step index fibers of varied diameters (0.22,0.39) and graded-
index (0.275) (b) Silica SCF 
These results show that, for a given excitation power and fluorophore concentration, SCFs 
show a consistently higher signal than MMFs at all practical core sizes. Even considering the 
largest readily available high NA fiber from www.thorlabs.com, with a 1 mm core size and 
0.5 NA the fluorescence capture model shows a power capture of 2850 nW/W, which is 
significantly lower than the 1.38 µm core size fiber used in the experimental trials here (6660 
nW/W), and comparable to the result obtained from the largest SCF core size fibers modeled 
here (2790 nW/W at 2 μm core diameter). It is also interesting to compare the effect of total 
sensing area on the performance of these fiber sensors. For the MMF tip sensors, the sensing 
area is the tip of the fiber, measuring 3068 μm2 for the 62.5 μm and 8660 μm2 for the 105 μm 
fiber. For the SCF sensors, the sensing area is the area of the 20 cm long segment of the core 
surrounded by the liquid sample, measuring approximately 867,000 μm2, 282 × and 100 × the 
tip area of the 62.5 μm and 105 μm fibers respectively. This shows that although the 
collection efficiency of the SCFs is lower than the MMFs, this is compensated for by the 
significantly enhanced surface area of the SCFs leading to a significantly higher fluorescence 
signal across the explored range. 
For low concentrations additional significant improvements to the performance of the 
SCFs can be obtained by increasing the length of the fibers, however this comes at the cost of 
the total measurement time due to the need to fill a greater length of SCF for filling or the 
increased experimental complexity of including a flow-cell or pressure filling arrangement to 
increase filling speeds. 
4. Conclusion 
We have investigated the performance of two different types of optical fiber fluorescence 
sensor, namely the established multimode optical fiber (MMF) tip sensors and the suspended 
core optical fiber (SCF) sensors. Theoretical modeling for both types of fiber sensors is in 
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good agreement with experimental measurements on the total fluorescence power captured by 
each sensor as a function of dye concentration in the sample and excitation power. 
The results shown here are also applicable to alternate sensing geometries such as tapered 
fibers or nanowires, where the fluorescence is also integrated along the length. In the future, 
multi-core fibers could also be considered for the end-face collection, by examining the 
collection into the individual cores and accounting for the excitation/collection coupling 
efficiency at the opposite end of the fiber. These results should also be readily transferable to 
other fluorophores with isotropic light emission, as long as the quantum efficiency and 
absorption coefficient are known and the experimental conditions minimize absorption 
saturation and fluorescence quenching. 
Experimental results show that for the particular parameters studied here, which are based 
on practical considerations, SCF fluorescence sensors are up to 55x more efficient in 
comparison to MMF tip sensors, highlighting their excellent potential as low detection limit 
fluorescence sensors. Further theoretical analysis has demonstrated that SCFs have an 
improved sensitivity compared to MMFs across a large parameter space, showing that the use 
of these fibers is advantageous in optical fiber fluorescence sensing applications where low 
detection limits are required. 
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